Background: The aim of this study was to evaluate the relationship between insulin resistance and preclinical abnormalities of the left ventricular structure and function detected in severe obesity by Color Doppler Myocardial Imaging (CDMI). Forty-eight consecutive severely obese patients (Group O) (11 males, 37 females, mean age 32.877 years) were enrolled. Forty-eight sexand age-matched non-obese healthy subjects were also recruited as controls (Group C). All subjects underwent conventional 2D-Color Doppler echocardiography and CDMI. The homeostasis model assessment insulin resistance index (HOMA-IR) was used to assess insulin resistance results. Obese subjects had a greater left ventricular mass index (by height) (58.8714 g/m 2.7 ) than controls (3778 g/m 2.7 ) (Po0.0001), owing to compensation response to volume overload caused by a greater cardiac output (Po0.02). Preload reserve was increased in obese subjects, as demonstrated by a significant increase in left atrial dimension (Po0.0001). Obese patients had a slightly reduced LV diastolic function (transmitral E/A ratio: Group O, 1.170.8 vs Group C, 1.5 70.5; Po0.002). Cardiac deformation assessed by regional myocardial systolic strain and strain rate (SR) values was significantly lower (abnormal) in obese patients than in controls, both at the septum and lateral wall level. These strain and SR abnormalities were significantly related to body mass index. In addition, the early phase of diastolic function, evaluated using SR, was compromised in obese patients (Po0.001). The HOMA-IR values in obese patients were significantly higher (3.0971.6) than those determined in the control group (0.9270.5) (Po0.0001). The HOMA-IR values, in the obese group, were significantly related to systolic strain and SR values sampled at the septum level (Po0.0001). Conclusion: In conclusion, this study has demonstrated that obese patients pointed out systolic structural and functional abnormalities at a preclinical stage, in particular through strain and SR analysis; on the other hand, those altered CDMI parameters well distinguish obese subjects as compared with the control group. Furthermore, another main finding of the study was that myocardial deformation (systolic strain) could have a correlation with insulin resistance level.
Introduction
Obesity is a chronic medical problem, with dramatically rising trends in its prevalence worldwide, to an extent that it is now recognized as a global epidemic. 1 Obesity is associated with multiple metabolic disturbances leading to increased morbidity and mortality for cardiovascular diseases. 2, 3 Diabetes mellitus, hypertension and hyperlipidemia are among the major causes of obesity-related cardiac disease. 4 Insulin resistance is an independent risk factor for cardiovascular disease and Type 2 diabetes; hypertension, dyslipidemia and obesity are often found in association with insulin resistance. On the other hand, a recent observation showed the utility of the homeostasis model assessment insulin resistance index (HOMA-IR), demonstrating its association with coronary atherosclerosis independent of the established risk factors for coronary artery disease. Recent experimental investigations have unravelled some pathogenetic mechanisms, such as cardiac steatosis, lipoapoptosis and the activation of specific cardiac genes, that may underlie the 'cardiomyopathy' of obesity. 5, 6 Some recent observations by positron emission tomography showed that in obese young women, insulin resistance and obesity are strictly related to alterations of fatty acid metabolism (uptake, utilization and oxidation), which could play a role in a decreased cardiac performance. 7 Indeed, long-standing obesity can induce left ventricular structural and functional abnormalities, characterized by volume overload and hyperdynamism, eccentric left ventricular hypertrophy, diastolic dysfunction and, occasionally, systolic dysfunction and heart failure. 8 Pulsed-Wave Tissue Doppler Imaging (PW-TDI) of the mitral annulus has demonstrated the capability to a relatively load-independent analysis of the global longitudinal myocardial 9, 10 Color-Doppler Myocardial Imaging (CDMI) echocardiography-derived strain rate (SR) and strain measurements are new quantitative indices of regional intrinsic myocardial deformation. 11, 12 In particular, strain and SR are relatively load independent, and this characteristic is very relevant in the obese population, in which a cardiac volume overload exists. The aims of this study were (a) to test the ability of systolic strain and SR for distinguishing abnormalities in cardiac function in the obese subjects as compared with the control group and (b) to better evaluate the potential link existing between insulin resistance and myocardial systolic strain of the severely obese subjects.
Methods

Study population
Forty-eight (11 males, 37 females) consecutive, unrelated obese patients who turned to the obesity center of the Endocrinology Department for diagnosis and cure for weight problems were enrolled after informed consent (Group O), all without a history of diabetes, hypertension or dyslipidemia. Clinical, hematological and instrumental examinations of each patient were performed following the Italian guidelines for obesity, 13 and each patient was treated according to appropriate protocols for his/her condition. Self-reported age of onset of weight excess and family history of obesity were collected for each subject. Anthropometric measures (body weight and height, waist and hip circumferences) were determined after an overnight fast. Body weight was measured to the nearest kilogram and body height and circumferences to the nearest centimeter. All obese patients had normal plasma levels of total cholesterol (o200 mg/dl), of low-density lipoprotein cholesterol (LDL-C) (o130 mg/ dl), normal high-density lipoprotein cholesterol (HDL-C) (445 mg/dl) and normal triglycerides level (o150 mg/dl).
14 All obese subjects showed normal values of thyroid function. No obese patients were taking drugs.
Obese patients who had an impaired fasting glycemia (4110/mg/dl), dyslipidemia or hypertension (4140/ 90 mmHg for at least three measurements) were excluded from the study. Another important exclusion criterion was the presence of the obstructive sleep apnea syndrome. Impairment of left ventricular systolic function (ejection fraction o40%), congestive heart failure, significant valvular heart disease by Doppler analysis, cardiomyopathy were other exclusion criteria. All obese study subjects had a negative history for myocardial infarction or coronary artery disease, which was excluded by a negative maximal exercise stress test (ECG stress test). Once selected, all participants underwent an echocardiography, thus reserving eligibility for the study to those with a good acoustic window.
Forty-eight age-and sex-matched non-obese, sedentary, healthy subjects (case-control study) were recruited as controls (Group C).
Experimental procedures
Both systolic blood pressure (SBP, mmHg) and diastolic blood pressure (DBP) (Korotkoff V phase) were measured at the time of echocardiographic examination by mercury sphygmomanometer with patients in supine position.
Biochemistry. Blood samples were taken for biochemical analysis of renal function, electrolytes, fasting insulin and glucose, total cholesterol and triglycerides, LDL and HDL cholesterol. Insulin was assayed with immunoradiometric assay (DiaSorin, Saluggia, Italy), and cholesterol with conventional enzymatic colorimetric assays.
Metabolic exercise testing
Exercise testing was performed in obese subjects with cyclergometer, using an exercise protocol individualized to the exercise capacity of the subject. Measured peak VO 2 was obtained by breath-by-breath analyses of expired gas (Ergocard; REMCO ITALIA s.p.a, Milan, Italy).
Assessment of insulin resistance HOMA-IR was calculated as fasting glucose (in millimoles/ liter) Â fasting insulin (in milliunit/milliliter)/22.5. 15 Estimates of insulin resistance from HOMA correlate well with euglycemic clamp.
Conventional Doppler echocardiography
Conventional echocardiographic studies were performed with a digitized Philips Sonos 7500 echograph equipped with a broadband sector transducer (S3 fusion imaging), as described previously. 16 Left ventricular mass was calculated according to Devereux's formula (PENN convention) and stroke volume was calculated as the difference between enddiastolic volume and end-systolic volume, and the cardiac output according to the formula (stroke volume Â heart rate (HR, min À1 )). The detailed method was as described previously. 16 PW tissue Doppler of the septal annulus was used for the measurements of early peak diastolic mitral annulus velocity (E s ). Left ventricular filling pressures were approximated from the relationship of E/E s (E being derived by mitral flow velocity).
17
CDMI-derived indices: mean regional velocities, SR and strain CDMI has been recently introduced as a method to quantitatively assess regional myocardial function by providing a map of color-encoded tissue velocities; in its current high (frame-rate) format, it can resolve all mean myocardial velocities, allowing one to distinguish local velocity from translational motion and tethering effects from other regions. By this methodology, the possibility of computation of regional mean velocities, of SR and of the relative strain (e) is derived. 18, 19 CDMI data, digitally recorded with a Philips Sonos 7500 ecograph, were analyzed offline using a dedicated software (AMID, Italy) ( Figure 1 ). Velocity and SR profiles were averaged over three consecutive cardiac cycles to derive mean velocity (VEL) and SR curve over a mean RR interval. Mean natural strain (e) profiles and values were obtained integrating by time the mean SR profile by using AMID software (for details see Appendix A).
Strain and SR are sensitive measurements of long axis left ventricular function that represents dimensionless descriptions of length changes owing to the deformation of tissue caused by applied or developed force.
To describe regional motion and deformation in the longitudinal direction, both at the medium posterior septum and medium lateral wall, the following parameters were calculated by apical chamber view in all study subjects: VEL IVRT (isovolumic relaxation time) (mms); VEL IVCT (isovolumic contraction time) (mms); maximum systolic velocity (VEL sys ) (cm/s); early diastolic peak velocity (VEL E ) (cm/s); late diastolic peak velocity (VEL A ) (cm/s); maximum strain (e sys ) (%); maximum SR (SR sys ) (s À1 );
early diastolic peak SR (SR E ) (cm/s); and late diastolic peak SR (SR A ) (cm/s).
The concept of regional myocardial strain was defined as fractional tissue deformation in response to an applied force (stress); in particular, strain is defined as the deformation of an object, normalized to its original shape, and by definition, negative strain means shortening and positive strain elongation. SR is the speed at which deformation (i.e. strain) occurs (its unit is s À1 ); SR is the first derivative of strain and describes the change of the strain in time (rate of shortening or lengthening)). In echocardiography, SR can be calculated by measuring the instantaneous velocity gradient across a deforming piece of tissue.
18,19
The intra-class correlation coefficient (r i ) was calculated according to Bland and Altman's procedure. 20 Three consecutive best curves of the SR and strain were sampled for each patient and for each segment: septal and lateral; the correlation coefficient (r i ) for septal was 0.86 and for lateral it was 0.89.
Statistical analysis
Continuous variables were expressed as mean7standard deviation. A Student's t-test for unpaired variates was performed to analyze the differences between the two groups. The intra-class correlation coefficient (r i ) was calculated according to Bland and Altman's procedure, 20 using a one-way analysis of variance for repeated measurements. Receiver operating characteristic (ROC) curves analysis was generated to estimate the predictive discrimination of CDMI parameters by the obese and control groups.
Relations between TDI, two-dimensional echocardiographic and body mass index (BMI) measurements were expressed in terms of linear regression analysis. Multivariate stepwise linear regression analysis was performed to assess the adjusted correlations; in particular, the main dependent variable was e sys(s) and the independent variables were prospectively determined between demographic, humoral and echocardiographic variables. A P-value of o0.05 was considered significant. Preclinical myocardial abnormalities and insulin resistance in severe obesity V Di Bello et al
Results
Anthropometric and clinical data of obese group and those of the control group are shown in Table 1 . Body surface area and BMI were, obviously, significantly higher in obese subjects than in controls (Po0.0001). Systolic and mean blood pressure (mmHg) values were higher in obese subjects than in controls, albeit within the normal range. Obese subjects showed a significantly higher HR (Po0.001). All hematochimic parameters such as fasting glycemia, cholesterol (low and high) level and triglycerides were in the normal range and similar in both groups.
The insulin values in the obese patients (15.677.6) were significantly higher than in controls (4.372.5; Po0.001); consequently, HOMA-IR values in the obese were significantly higher (3.0971.6) than those determined in the control group (0.9270.5) (Po0.0001) ( Table 1) .
The HOMA-IR values, in the obese group, were significantly related with systolic strain and SR values sampled at the septum level.
Data derived from conventional echocardiographic analysis are summarized in Table 2 . The main left ventricular structural changes in obese people were represented by (a) a higher resting left ventricular end-diastolic volume, in comparison with controls (Po0.05); (b) a higher left atrium diameter was significantly higher than in control subjects (Po0.0001); and (c) a higher left ventricular mass, indexed for height, than in controls (Po0.001).
From a functional point of view, we demonstrated in the obese group a significant higher stroke volume (Po0.02) and cardiac output (Po0.01) (see also the higher HR), such as a slightly higher LV ejection fraction (Po0.02) in comparison with controls. Left ventricular diastolic function evaluated by Doppler mitral flow patterns showed a significant difference between obese group and controls, essentially for an increased peak A flow velocity, which was higher in obese than in control group (Po0.0001). As a consequence, E/A ratio was significantly lower (Po0.02) in obese subjects than in controls. Mitral deceleration time (Po0.001) and isovolumic relaxation time (Po0.0001) were significantly higher in obese patients than in controls ( Table 3) .
The main findings of PW-TDI at the annular level were the following (Table 4): 1. the mean early diastolic peak velocity (PW-TDI ES and EL) was lower in group O than in group C (Po0.0001); 2. the late diastolic peak velocity (PW-TDI AS and AL) was higher in group O than in group C (Po0.001); 3. the ratio between E and A velocities, expression of global diastolic left ventricular longitudinal function, was significantly lower in group O than in group C (Po0.0001); 4. the isovolumic relaxation time sampled at the septum annular level was significantly higher in group O than in group C (Po0.001); and Preclinical myocardial abnormalities and insulin resistance in severe obesity V Di Bello et al 5. the E/E s was significantly higher in group O than in group C (Po0.001).
The main findings of regional mean velocity parameters (CDMI) were the following (Table 5): 1. The VEL IVRT sampled at the medium septum and the lateral wall levels were significantly higher in group O than in group C (Po0.0001). 2. The early mean diastolic regional velocity, at the medium septum and the lateral wall levels, was lower in group O than in group C (Po0.05). 3. The late diastolic regional velocity, at the medium septum and the lateral wall levels, was lower in group O than in group C (Po0.05). 4. The VE E/A ratio was significantly lower in group O than in group C (Po0.001).
The regional myocardial systolic strain findings evaluated either at the medium septal or the lateral wall level was significantly lower in obese patients than in controls (Po0.001). The regional myocardial systolic SR both at the medium septal and lateral walls was significantly lower in obese patients than in controls (Po0.0001). Considering the diastolic SR, the early phase of diastolic SR was compromised in obese subjects as compared with controls (Po0.05) ( Table 5) .
ROC curves analysis
For separating obese patients from controls using ROC curve analysis (Figure 2a ): PW-TDI E/A ratio at the septum level yielded an area under curve of 0.8270.04 (Po0.0001) (95% of confidence interval (CI): 0.73 and 0.91).Using a PW-TDI E/A ratio at the septum level lower than À1.27 as cutoff, obese patients were discriminated from controls with a sensitivity of 82% and a specificity of 79%. If we used transmitral flow E/A ratio, obese patients were discriminated from controls with a sensitivity of 70% and a specificity of 64%. E/A ratio obtained by septum PW TDI showed a higher discriminating power when compared with E/A ratio by transmitral flow (Po0.009).
To distinguish obese patients from controls using ROC curve analysis (Figure 2) : systolic strain at the lateral level yielded an area under curve of 0.9270.03 (Po0.0001) (95% of CI: 0.87 and 0.99), whereas SR at the lateral level showed a lower discriminating power with an area under curve of 0.8870.05 (P ¼ 0.0001) (95% of CI of area: 0.78 and 0.985). Using a systolic strain at a lateral level lower than À18% as cutoff, patients were discriminated from controls with a sensitivity of 87% and a specificity of 91% (Figure 2b) . Using a systolic SR at a lateral level lower than À0.87 as cutoff, patients were discriminated from controls with a sensitivity of 82% and a specificity of 91%. (Figure 2b ). Preclinical myocardial abnormalities and insulin resistance in severe obesity V Di Bello et al Systolic strain at the septum level yielded an area under curve of 0.8670.05 (Po0.0001) (95% of CI: 0.76 and 0.95), whereas SR at the septum level showed a lower discriminating power with an area under curve of 0.7870.03 (P ¼ 0.0001) (95% of CI: 0.67 and 0.90). Using a systolic strain at a septum level lower than À18.3% as cutoff, patients were discriminated from controls with a sensitivity of 84% and a specificity of 72.5%. (Figure 2c) . Using a systolic SR at a septum level lower than À0.85 as cutoff, patients were discriminated from controls with a sensitivity of 73% and a specificity of 63% (Figure 2c) .
Systolic strain showed significantly higher discriminating power in comparison with both E/A ratio (Po0.05 and 0.001, respectively) and systolic strain (Po0.05) and SR (Po0.03) at the septum level.
Relationship between TDI parameters, insulin resistance and BMI Systolic strain at the septum level was correlated with left ventricular mass index (by height) (g/m 2.7 ) (LVM h ) (r ¼ 0.66;
Po0.001). HOMA-IR was related to LVM h (r ¼ 0.24; Po0.05) and to posterior wall thickness (r ¼ 0.20; Po0.05). There is a good relationship between fasting insulin level and BMI (r ¼ 0.58; Po0.01) ( Table 6 ). Diastolic functional parameters obtained by transmitral flow Doppler analysis are related to BMI, such as peak A (r ¼ 0.48; Po0.01) and E/A ratio (r ¼ 0.49: Po0.01). PW-TDI E/A ratio at the annular septum level is related to BMI (r ¼ 0.55; Po0.001). The ratio E/E s was related to both BMI (r ¼ 0.35; Po0.02) and HOMA-IR (r ¼ 0.41; Po0.03) (Table 6) .
Furthermore, systolic strain and SR at the septum and the lateral walls showed a correlation with BMI (e sys (s) : r ¼ 0.52, Po0.008; SR sys (s) : r ¼ 51, Po0.005; e sys (l) : r ¼ 0.58, Po0.0001; SR sys (l) : r ¼ 62, Po0.0001). The reduced exercise capacity, measured by VO 2max , was related with e sys (s) (r ¼ À0.30; Po0.01) and E/E s (r ¼ À0.34; Po0.05). HOMA-IR was also significantly related to e sys (s) (r ¼ 0.75; Po0.0001) and to SR sys (s) (r ¼ 0.67; Po0.001) (Figure 3a and b) .
Multiple regression analysis (stepwise model) between e sys (s) (as dependent variable) and independent variables was highly significant (multiple R: 0.89; Po0.0001). Insulin resistance (Po0.001), BMI (Po0.05), SBP values (Po0.05), LVM h (Po0.05) and VO 2max (Po0.05) were the selected independent variables.
Discussion
The main results of this study are the following: Preclinical myocardial abnormalities and insulin resistance in severe obesity V Di Bello et al (b) the significant correlation between the previous structural and functional myocardial abnormalities and insulin resistance levels.
Obesity induces several modifications in cardiac structure and function, which are associated with hemodynamic volume overload. [21] [22] [23] Atrial and ventricular remodeling are common in obese patients, and it is known that these physiopathological aspects are related to atrial and ventricular dysfunctions. The larger atrial size in obese subjects is related to an expanded intravascular volume and to altered left ventricular filling properties. In particular, in normotensive obese patients, left ventricular eccentric hypertrophy represents an adaptation to the expanded intravascular volume. In addition to the increased preload, left ventricular after-load is elevated owing to higher vascular resistances caused by excess adipose tissue and greater conduit artery stiffness. BMI is related to impaired diastolic functional indices; obesity can alter diastolic filling parameters because of altered load conditions, as well as owing to increased LVM h , left ventricular hypertrophy determines an impairment of left ventricular diastolic function, essentially in the late diastolic passive phase, linked to increased myocardial stiffness; this alteration is considered an early event of heart involvement in obese subjects 24 followed by the impairment of systolic function.
The obese study population showed a higher resting left ventricular and diastolic volume, in comparison with controls (Po0.05), as an expression of enhanced recruitment of preload reserve, also pointed out by the higher left atrium dimension (Po0.0001). These factors could activate a FrankStarling mechanism, which might induce in obese subjects, in comparison with controls, a significant higher stroke volume (Po0.02) and higher cardiac output (Po0.01) (see also the higher HR), such as a slightly but significantly higher left ventricular ejection fraction (Po0.02). Left ventricular diastolic function, as pointed out by the E/A ratio conventionally obtained by transmitral flow Doppler analysis, was significantly reduced in obese subjects, essentially owing to a significantly higher peak A. Mitral deceleration time was significantly higher in obese patients, whereas isovolumetric relaxation time was comparable to controls. In this context, it is important to note that mitral inflow is affected not only by the rate and extent of ventricular relaxation but also by age, HR and loading conditions.
The global longitudinal left ventricular function, as detected at the mitral annulus level through PW-TDI, a highly sensitive and specific echocardiographic technique, showed the ability to discriminate obese patients from controls. In our study, the global systolic left ventricular longitudinal function, evaluated by S wave peak velocity, is comparable in both examined groups; these data disagree with previous studies, 8 where the authors demonstrated a slight impairment of systolic function with PW-TDI. A possible explanation of this discrepancy could be due in obese patients to a similar adaptative mechanism that occurs in hypertensive patients, in which diastolic dysfunction occurs earlier, whereas systolic dysfunction occurs later. All diastolic phases were altered in obesity, also according to PW-TDI parameters. The reduced mitral annulus velocity (E s ) and myocardial diastolic velocity and the increased left ventricular filling pressure, approximated by E/E s ratio, are consistent with an association between left ventricular dysfunction and obesity.
Determination of the mean velocity parameters sampled by CDMI, a novel relatively load-independent, powerful and very accurate echocardiographic technique, confirmed that the regional diastolic function detected at the medium septum and the lateral wall levels is also impaired in obese subjects. Interestingly enough, in obese patients, the systolic phase was also altered. Indeed, systolic strain and systolic SR, which are the expression of regional myocardial longitudinal deformation, both at the septum and at the lateral wall levels, were significantly impaired in obese patients as compared with healthy controls. These parameters were obtained by the regional velocity analysis, sampled by CDMI that is a novel, robust and relatively load-and motionindependent echocardiographic technique. Systolic deformation (as pointed out by strain and SR) appears to be an early myocardial functional abnormality, which can occur simultaneously with the diastolic dysfunction, even if the common conventional echocardiographic functional parameters are within the normal range. The highly significant relationship between myocardial strain abnormality and insulin resistance, BMI, SBP values, LVM h and VO 2max in severely obese patients could have an important physiopathological significance from a global cardiovascular and cardiopulmonary point of view. 25 In particular, the relationship between insulin resistance and myocardial strain could clarify that the described association between obesity and subsequent cardiac heart failure may be largely mediated by insulin resistance.
Conclusion
The novelty of the present study is represented by the specific application of CDMI (strain and SR) to evaluate Preclinical myocardial abnormalities and insulin resistance in severe obesity V Di Bello et al intramyocardial regional function in obese subjects. This is the first study that evaluates the utility of these techniques to point out preclinical myocardial abnormalities in severe obese patients and their relationship with insulin resistance. Further investigations are needed to determine the real diagnostic and prognostic role of these ultrasonic abnormalities in the clinical management of cardiac disease in obese patients.
The velocity along the entire segment is computed and it is then averaged across the myocardial thickness, called V(s,t), the resulting velocity, where s is the material coordinate (or the transmural level, see Figure 3 ), along the segment, and t indicated the time along the frames. The strain rate (Eulerian), SR(s,t), is evaluated on each frame and at every section along the segment, s, as the velocity gradient along the wall dV/ds. When the tissue is not aligned with the scan line, the velocity projected along the tissue is used. The derivative is computed by best fitting (in the least-squares sense) the slope in the V(s) profile, over a length of 2 cm about every point s. The strain (Lagrangian), St(s,t), is computed from the time integration of the SR as reported in the literature. Strain is defined up to a constant value; this is fixed when a zero-strain state is automatically selected as the instant of maximum elongation over the entire selected tissue. 4A, 5A The presence of uncontrolled noise in the data may lead to the appearance of a drift, a systematic trend, in the strain signal. This phenomenon is automatically eliminated here by requiring that every heartbeat must begin/close with zero trend-diastolic strain.
As described, all the quantities are computed as averaged across the thickness. This approach produces profiles that are smoother than punctual values. For this, results are evaluated and presented without any additional artificial smoothing.
